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Abstract 
A conditioning procedure is proposed allowing to install into the concrete specimens any selected 
value of water saturation degree with homogeneous moisture distribution. This is achieved within 
the least time and the minimum alteration of the concrete specimens. The protocol has the 
following steps: obtaining basic drying data at 50ºC (water absorption capacity and drying curves); 
unidirectional drying of the specimens at 50ºC until reaching the target saturation degree values; 
redistribution phase in closed containers at 50ºC (with measurement of the quasi-equilibrium 
relative humidities); storage into controlled environment chambers until and during mass transport 
tests, if necessary. A water transport model is used to derive transport parameters of the tested 
materials from the drying data, i.e. relative permeabilities and apparent water diffusion 
coefficients. The model also allows calculating moisture profiles during isothermal drying and 
redistribution phases, thus allowing optimization of the redistribution times for obtaining 
homogeneous moisture distributions.  
 
Keywords: Concrete; Humidity; Water saturation degree; Conditioning; 
Transport model.   
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1. Introduction 
It is generally accepted that concrete durability is to a large extent governed by 
concrete’s resistance to the penetration of aggressive media, which may be present 
in a liquid or gaseous state (Hilsdorf 1995). The ingress and transport of 
aggressive species through concrete is governed by different physical-chemical 
mechanisms: diffusion, permeation, capillary suction and migration. Depending 
on the practical material and environmental conditions, the transport of media into 
concrete may be due to one or to several of the abovementioned mechanisms 
acting simultaneously. In the experimental investigation of the transport 
characteristics of concrete an attempt is normally made to limit the flow of media 
to one single transport mechanism in order to be able to derive reliable values of 
the transport coefficient corresponding to the particular mechanism (Kropp et al. 
1995). 
One of the conditions most influential on the transport properties of concrete is its 
moisture content and distribution, especially at the exposed surfaces of the 
specimens or structures (Ollivier et al. 1995). Gas permeability is significantly 
increased as moisture is removed from the capillary pores of concrete, due to the 
increase in the volume and connectivity of channels available for permeation 
(Parrott and Chen 1990; Romer 2005). Water absorption is also increased as the 
capillary pores of concrete are emptied of liquid (Nokken and Hooton 2002). 
These facts have led to the conclusion that test methods, for these last two 
properties, must include a standardized preconditioning, which must result in a 
controlled average moisture concentration with a uniform distribution (RILEM 
TC 116-PCD 1999a). The recommended preconditioning installs a defined 
intermediate moisture concentration in concrete, which is in equilibrium with the 
ambient air at 75% relative humidity (RH) and a temperature of 20ºC. The 
preconditioning procedure consists of a predrying step at a temperature of 50ºC, 
followed by a redistribution phase also performed at 50ºC (RILEM TC 116-PCD 
1999b). This last redistribution step was shown to be necessary for obtaining, 
within reasonable conditioning times, a uniform moisture distribution into the 
concrete specimens (Parrott 1994). Other preconditioning procedure has been 
proposed (Carcassès et al. 2002), which includes predrying and redistribution of 
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moisture at 80ºC, and allows obtaining two levels of water saturation in concrete: 
0.70 and 0.30.  
The pure mechanism of ionic diffusion is known to operate only when concrete is 
fully water saturated. It has been shown that when chloride (Cl-) diffusion tests are 
performed on non-saturated concrete specimens, or when the saturated specimens 
are allowed to dry during the test, the derived parameter values of the diffusion 
tests are significantly affected (McGrath and Hooton 1999; de Vera et al. 2007a). 
This is due to the fact that when moisture concentration gradients are present 
within a concrete specimen or structure, other mass transfer mechanisms different 
to diffusion, i.e. capillary absorption and wicking, start to contribute to chloride 
transport. A clearly different requirement is found here for the diffusion tests, as 
compared with gas permeability or capillary suction tests. For those latter 
techniques the goal of the preconditioning is to start the transport test at defined 
homogeneously distributed water contents, but for the former this water content 
and its homogeneity must be maintained throughout the diffusion test. For this 
reason great care is taken in natural ionic diffusion test procedures, to ensure both 
an initial full water saturation of concrete and an avoidance of the drying of the 
concrete surfaces (CEN/TC 104 2009). 
Recently, several research groups have reported the experimental determination of 
the values of the Cl- diffusion coefficient under partial water saturation of 
concrete (Climent et al. 2000 and 2002; de Vera et al. 2000 and 2007b; Guimarães 
et al. 2000-2011; Nielsen and Geiker 2003). In all of these works care has been 
taken to work with mortar or concrete specimens preconditioned to several values 
of water saturation degree, to use a procedure for chloride deposition that does not 
alter the moisture content of the specimens and to avoid modifications of the 
water content within the concrete specimen during the diffusion test. 
Nevertheless, none of the abovementioned works has fully exploited all the 
available knowledge to design low time consuming preconditioning procedures 
that ensure to the greatest possible extent the installing and maintaining, during 
the whole diffusion test, of well characterized and homogeneously distributed 
water contents.  
The aim of this work is to propose an improved experimental procedure for 
obtaining, (within reasonable conditioning times), and maintaining selected well 
characterized water contents, which can cover a sufficiently broad and significant 
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range of saturation degrees of the concrete specimens. The protocol also allows 
determining the ambient RH value in equilibrium with the preconditioned 
concrete specimens, in order to define the conditions ensuring the maintenance of 
the hygric state during the diffusion tests, (Antón 2009). The verification of 
homogeneity of the moisture distributions is performed by calculations through a 
mathematical model describing the water transfers between concrete and 
environment, with parameters obtained by fitting the model equations to 
experimental concrete drying tests data. 
 2. Experimental 
For this study three concrete mixes, designated as H1, H2 and H3, were prepared 
using an ordinary Portland cement, type CEM I 42.5 R (MPR 2008), a 4 mm 
maximum size (fineness module: 3.2) limestone sand, two limestone gravels (4-6 
and 6-12 mm respectively), distilled water, and a superplasticizer (modified 
polycarboxylate in aqueous solution). The concrete mixes, whose dosages are 
shown in Table 1, were designed to obtain medium compressive strengths at 28 
days (30-45 MPa), using water/cement (w/c) ratios between 0.38 and 0.60.  
Two types of cylindrical specimens were cast: 30 cm in height and 15 cm in 
diameter for the compressive strength tests at 28 days, and 11-13 cm in height and 
10 cm in diameter for conditioning and mass transport testing. After casting, the 
specimens were compacted by vibration. Next day of casting, the molds were 
removed and the specimens were cured by immersion in a saturated Ca(OH)2 
solution during one year.    
After curing, a water cooled diamond disc was used to slice specimens of 4 cm 
height for H1, and 3 cm height for H2 and H3, intended for the conditioning and 
mass transport tests. In all cases at least 15 mm of the bottom (contact with the 
mold base) and top ends of the 10 cm diameter cylinders were removed, before 
slicing two specimens from the central part of each cast concrete cylinder. A total 
number of 43 slices for each concrete type were used for this study.  
The lateral surfaces of the cylindrical slices were sealed, before conditioning, in 
order to allow only unidirectional water vapour transfers. In this work vinyl 
electric isolating tape was used for the sealing. The RH measurements were 
performed with a Vaisala HM70 hygrometer. Laboratory temperature was 
maintained at 20ºC ± 2ºC throughout this study. 
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Several properties of the concretes were measured in the fresh state: slump 
(AENOR 1990); and hardened state: compressive strengths at 28 days (AENOR 
1984), and specific gravities and porosities before conditioning (ASTM 1994).  
3. Proposed conditioning procedure for obtaining 
well characterized partial water saturation states on 
concrete 
The objective of the proposed conditioning protocol is to allow obtaining, within 
the least time and with the minimum alteration of the microstructure of the 
concrete specimens, well characterized water saturation states with homogeneous 
moisture distributions. The starting point is the water saturated condition of 
concrete, and the partial saturation states are obtained by drying. The water 
saturation degree, SD, of concrete is defined as:   
h d
s d
m mSD
m m


 (1) 
Where mh is the mass of the concrete specimen conditioned to the particular 
saturation state, md is the mass of the dried specimen at 105ºC, and ms is the mass 
of the water saturated specimen. In this work the water saturated state is 
considered to be that obtained under vacuum (ASTM 1997), since this technique 
has been found to be the most efficient saturation procedure (Safiuddin and Hearn 
2005). Nevertheless, the procedure can be applied considering other different 
saturation states (Nielsen and Geiker 2003).  
The proposed procedure includes drying and water redistribution steps at 50ºC, in 
order to reduce time consumption. This leads to some requirements regarding the 
concrete specimens: the geometry and dimensions of the specimens must be kept 
constant for all the tests, since different geometries would imply different drying 
times for the same SD value. The water vapour exchanges during drying must be 
unidirectional, in order to avoid tri-dimensional water content gradients, which are 
more difficult to eliminate during the redistribution steps (RILEM TC 116-PCD 
1999b; Carcassès 2002). The application of relatively high temperature (50ºC) 
may modify the hydration degree of the cementitious binders. For this latter 
reason it is advisable to perform the pre-conditioning and the diffusion tests on 
highly matured concrete specimens, for instance cured under water for sufficiently 
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long periods. This last precaution is particularly pertinent when supplementary 
cementing materials or blended cements are under study. 
3.1 Obtaining the drying curves and the water absorption coefficient 
The quantification of the mass loss, by drying from the saturated state, to achieve 
a certain value of SD for a concrete specimen, requires knowing its dried mass. 
Nevertheless, several authors have indicated that drying at 105ºC can produce 
irreversible microstructural modifications of the hardened cementitious matrices 
(Nokken and Hooton 2002; Safiuddin and Hearn 2005). This severe drying step 
can be avoided if the water absorption coefficient, A, is known.  
s d
d
m mA
m
  (2) 
By combining Equations (1) and (2) it is possible to calculate the mass of the 
concrete specimen, mh, to be reached by drying from the saturated state, to reach 
the target SD value.  
1
1h s
SD Am m
A
    (3) 
For this reason in this proposal, several concrete specimens, (at least four), 
different from the specimens intended for the transport tests, are used for 
obtaining the value of A for the material under study, together with the drying 
curves. These latter are necessary for obtaining approximate values of the drying 
times needed to reach the desired SD values. 
The selected concrete specimens are first vacuum saturated, recording their ms 
values. The lateral surfaces are sealed in order to allow only unidirectional water 
vapour transfers, and the specimens are introduced in a ventilated oven at 50ºC. 
The decreasing mass of the specimens, mh, is recorded as a function of time. The 
duration of this treatment must be adjusted to cover the whole SD range to be 
studied. In this work the chosen set of saturation degrees was the following: 0.18, 
0.33, 0.45, 0.60, 0.75, 0.90 and 1.00. For the concretes and specimen geometry 
and dimensions of this work the overall drying times were of about 22.9 days (550 
h). Finally the specimens were dried at 105 ºC ± 5 ºC until mass constancy, and 
their md values recorded. These specimens cannot be used for further testing. 
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The obtained data allow calculating the A values of the materials under study, and 
to obtain the drying curves. These curves plot the variation of the water saturation, 
calculated through Eq. (1), with time, during drying at 50ºC; and help to obtain 
approximate values for the drying times needed to reach a certain SD value. 
3.2 Drying step 
The specimens intended for mass transport testing are first vacuum saturated, 
recording their ms values, and their lateral surfaces sealed. Then, they are allowed 
to dry at 50ºC until reaching the selected values of water saturation. By using the 
determined water absorption coefficients of the materials and the selected SD 
values, it is possible to calculate, through Eq. (3), the pertinent mh value to be 
reached for each concrete specimen. Guidance on the drying times is obtained 
through the use of the drying curves obtained in the previous section. This lessens 
the experimental effort as the drying can be performed in unattended mode until 
reaching drying times slightly shorter than those predicted by the drying curves. 
Nevertheless, the final gravimetric checking is necessary for ensuring the 
reliability of the water saturation degrees of the specimens before mass transport 
testing. In this work the criterion used to set the end of drying was that the 
difference between the mass of the specimen and the target mh value was less than 
0.3 g, i.e. a difference lower than 0.06%. The minimum total mass of the saturated 
specimens (3 cm height slices) was 575 g; while the minimum total mass of the 
specimens conditioned at SD 0.18 was 550 g.  
3.3 Moisture redistribution step 
The homogenization of the moisture content requires the elimination of the 
unidirectional moisture gradients developed into the concrete specimens during 
drying. This is achieved by maintaining the specimens sealed and subjected to the 
same temperature, 50ºC, (Parrott 1994; RILEM TC 116-PCD 1999b).  
After finishing the drying step, the specimens were put into lidded polypropylene 
chambers of adequate geometry and dimensions to leave the minimum free space 
between specimen and chamber walls; and the chambers located inside the oven at 
50ºC. Water vapour tightness of the chambers was checked gravimetrically during 
the redistribution steps.  
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The redistribution times were designed according to the criterion of Parrott 
(1994), suggesting that the duration of the redistribution step should be at least 
equal to the duration of the drying period. In this work the redistribution times 
were set as equal to the duration of the drying period plus one day, with an 
absolute minimum value of 3 days. After finishing the designed redistribution 
periods, the closed chambers were allowed to cool slowly during three days to 
room temperature. 
3.4 Defining the conditions for maintaining the water saturation state 
during tests 
When finishing the moisture redistribution step, it is necessary to determine the 
environmental conditions that allow maintaining the water saturation state of the 
concrete specimens during the ionic diffusion tests. To this end the RH within the 
redistribution chamber of each conditioned specimen is measured. The 
redistribution chambers had a top screwed stopper allowing the insertion of a 
hygrometer lead for measuring the RH value inside the chamber. Practically 
constant RH values were obtained typically in 90 minutes. Previous experimental 
evidence, (Antón 2009), demonstrated that for maintaining the target SD values, 
the conditioned specimens must be kept inside closed containers with RH values 
equal to those measured within the redistribution chambers, increased by 5%. This 
way the specimens can be maintained in water vapour transfer quasi-equilibrium 
conditions evidenced by mass constancy. 
Controlled relative humidity containers were prepared, with mixtures of glycerin 
and water in the appropriate proportions according to DIN (1981) to obtain each 
one of the quasi-equilibrium RH values, and a stand for holding the concrete 
specimens without contact with the liquid medium. The conditioned specimens 
were transferred quickly from the redistribution chambers to their humidity-
controlled containers and remained in them at least for two weeks. These 
containers also serve to keep the specimens during the ionic diffusion tests at 
partial water saturation states (Climent et al. 2000 and 2002; de Vera et al. 2000 
and 2007b). The constancy of the water saturation degree of the specimens during 
these periods was checked by periodic weighing. 
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4. Transport model 
A microscopic mass balance for the liquid phase contained in a solid porous 
media such as concrete leads to: 
( ) 0s v
t
f  
 
 (4) 
Where s [m3 water/m3 pores] is the local degree of water saturation,   [m3 
pores/m3 concrete] is the porosity of concrete, t [s] is time, v  [m/s] is the speed 
which moves the liquid phase and 

 is the divergence differential operator. The 
liquid water flow through partially saturated porous media is usually described 
(Baroghel-Bouny et al. 1999 and Navarro et al. 2006) by generalizing Darcy's 
law: 
( )r
Kv k s P
h
 

 (5) 
Where K [m2] is the permeability of the saturated solid, η [kg/(m·s)] is the 
dynamic viscosity of liquid, kr [dimensionless, 0 ≤ kr ≤ 1] is the relative 
permeability that depends on s, P [Pa] is the pressure and 

 is the differential 
gradient operator. The relative permeability is related to the absorption-desorption 
isotherms of water. It is known that these isotherms show hysteresis, but usually 
the water flow model is simplified considering expressions for kr not taking into 
account hysteresis. Some authors (Navarro et al. 2006 and Savage and Janssen 
1997) propose the van Genuchten (1980) formulation for concrete, so that the 
relative permeability can be expressed as: 
1/ 2( ) (1 (1 ) )m mrk s s s    (6) 
Where m is a parameter related to the water isotherm. Whitaker (1977) showed 
that for materials with pores of small diameter, capillary forces are dominant and 
the pressure from Equation (5) is the capillary pressure pc, which according to 
Luckner et al. (1989) can be expressed as: 
1/ 1/( 1)m ncP p a s
    (7) 
Where the parameters a, m and n are related to the water isotherm. Substituting 
Eqs. (5), (6) and (7) in Eq. (4) allows obtaining the transport equation: 
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( ( ) ) 0s D s s
t
   
 
 (8) 
Where: 
1 1 1( ) 11/ 1/ 22
0( ) ( 1) (1 (1 ) )
m m mm nD s D s s s
       (9) 
Being D0 constant: 
0
aKD
nmhf
  (10) 
The resemblance of equation (8) with the one describing the transport in a 
diffusion process is the reason for naming the parameter D(s) as the apparent 
diffusion coefficient of water.  
If the parameters D0, m and n are known and appropriate boundary conditions are 
applied, Equations (8) and (9) can be solved to obtain the moisture profiles s (x, t).  
4.1 Obtaining the model parameters 
Model parameters D0, m and n can be estimated from drying tests (see Section 
3.1). Comparison of the experimental drying curves with the curves predicted by 
the model allows finding the parameter values that minimize the difference 
between experimental and calculated curves. The minimization is performed with 
the simplex optimization of Nelder-Mead algorithm (Lagarias et al. 1998). The 
resolution of the differential Equation (8) is made for the unidimensional case 
using a standard finite element method with a Crank-Nicolson time integration 
scheme. All calculations were performed with the MATLAB 6.1 software. 
It is accepted that during drying, the relative humidity inside the oven remains 
constant. This constancy of the ambient relative humidity implies a constant 
saturation degree on the surface of the specimen. s0 is the surface saturation 
degree, which is in principle unknown, as the parameters D0, m and n are. For a 
given set of values of these latter four parameters, Equation (8) is solved by the 
finite elements method. The boundary condition applied is that the saturation 
degree at the surface is s0, and the initial condition imposed is that the specimen is 
saturated (s(x, 0) = 1). The resolution of Eq. (8) provides the moisture profiles s(x, 
t) predicted with the selected values of the parameters D0, m, n and s0. The main 
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saturation degree of the specimen as a function of time is calculated from these 
profiles as: 
0
1( ) ( , )
h
SD t s x t dx
h
   (11) 
Where h is the height of the specimen. The integral is calculated with the 
trapezoid rule. The SD(t) function calculated in this way is compared to the 
experimental data obtained during the drying tests, by the simplex optimization 
algorithm, thus allowing to obtain the values of D0, m, n and s0 that minimize the 
differences between the calculated and experimental drying curves. 
4.2 Calculation of the redistribution times 
The evolution of the moisture content profiles during the redistribution process is 
simulated. In this case Eq. (8) is solved using the optimized parameters 
determined in the preceding Section, which are applicable because the drying is 
performed at the same temperature as the redistribution process. The boundary 
condition applied is that the water flow is zero at the surface, i.e. there is no 
moisture exchange with the atmosphere during the redistribution step. The initial 
condition is that the initial moisture profile is equal to the one obtained at the end 
of drying. The homogeneity of the profile calculated after redistribution indicates 
the suitability of the selected redistribution time (see Section 3.3). 
5. Results and discussion 
Table 2 shows some measured properties of the tested concretes in the fresh state 
(slump), and hardened state: compressive strength, and specific gravity and voids. 
All results in Table 2 are mean values of three determinations. As expected, the 
series H1, H2, H3 decreases consistently the total porosity as the w/c ratio is 
decreased. 
5.1 Drying and conditioning experimental tests 
The drying tests data allowed obtaining the average values of the water absorption 
coefficients (four determinations), A, for the three concretes, shown in Table 3. 
The absorption capacities decrease clearly with the w/c ratio. Figure 1 shows the 
drying curves of the concretes, see Section 3.1. There is a linear relationship 
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between SD and t during approximately the first 200 hours, i.e. until reaching 
SD values between 0.30 - 0.40, then the moisture loss became slightly slower. The 
H1 drying curve runs over the H2 one in Fig. 1. This fact is due to the larger 
height of the H1 slices (4 cm), as compared to H2 and H3 slices (3 cm), see 
Section 2. For equal thickness of the drying concrete specimens the drying times, 
to reach a given SD value, would be always shorter for the more porous concrete 
(Baroghel-Bouny et al. 1999). 
On the basis of the drying curves it is possible to give approximate values for the 
drying times to reach the target SD value for each test specimen, which are shown 
in Table 4. All the concrete specimens were dried at 50ºC until reaching the mh 
values corresponding to their target SD, see Section 3.2. After finishing the drying 
step the specimens were subjected to the redistribution phase, according to the 
procedure described in Section 3.3. The redistribution times were set at the values 
indicated in Table 5 (second to fourth columns).  
Once finished the water redistribution step, and allowed the specimens, into their 
closed chambers, to cool down to room temperature, the relative humidity inside 
the redistribution chambers was measured, according to Section 3.4. Fig. 2 shows 
a typical plot of the recordings performed for such measurements. The averaged 
measured RH value, for each concrete type and water saturation degree, was 
increased by 5%, see Section 3.4. Table 6 contains the modified RH values for 
each concrete and water saturation degree. These latter values were used to 
prepare the controlled relative humidity chambers, (containing the appropriate 
glycerin-water mixtures), for storing the preconditioned concrete specimens to be 
used in diffusion tests at partial water saturation states. The water saturated 
specimens were stored in closed containers with pure water. 
 5.2 Water transport model calculations 
The calculations were performed by fitting the experimental drying data (symbols 
in Fig. 1), into the transport model, see Section 4.1. The fitting parameters, 
together with the correlation coefficients, can be found in Table 7. Lines in Fig. 1 
represent the calculated drying curves, showing a good agreement between 
experimental and calculated data. 
The relative permeabilities kr(s) and apparent diffusion coefficients of water D(s), 
which are obtained by applying the abovementioned parameters to Equations (6) 
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and (9), for each of the concretes studied, are shown as a function of s in Fig. 3 
and Fig. 4, respectively. It is appreciable from Fig. 3 that, for the three concretes, 
the relative permeability decreases very fast when the saturation degree decreases, 
in concordance with results of other authors (Baroghel-Bouny et al. 1999; 
Monlouis-Bonnaire et al. 2004). It is also noted that the permeability decreases 
with the porosity of concrete. 
The values of the apparent diffusion coefficient of water are of the same order of 
magnitude as those found by Crausse et al. (1996) on cement pastes and 
concretes; and they show maxima located between 0.85 and 0.95 s, see Fig. 4. The 
diffusion coefficient decreases rapidly to zero when the saturation degree is close 
to 1 or to 0. When s increases from 0.10 to 0.90, the diffusion coefficient grows 
smoothly.  
Fig. 5 shows the profiles of the local saturation degree, calculated with the model 
at the end of the drying step of the specimens. Other authors have reported 
experimental moisture profiles in drying tests, measured by the gamma-rays 
attenuation technique (Baroghel-Bouny et al. 1999), obtaining morphologically 
similar profiles to those presented here. For better comparison, the depth x is 
divided by the height of the specimen h, because the specimens are of different 
sizes. These are also the initial profiles for the moisture redistribution phases. It is 
noted that in all cases there are significant moisture content gradients, in 
agreement with observations of other authors (Parrott 1994). The local saturation 
degree, s, is close to zero at the surface, see also s0 values in Table 7, while s is 
higher than the main saturation degree in the central part of the specimen. These 
strong gradients put again in evidence the need for a redistribution phase to obtain 
a homogeneously distributed saturation degree. For the case of the main saturation 
degree of 0.90, drying has only affected about half a cm from the concrete surface, 
while the rest of the sample remains almost water saturated. The centre of the 
specimen is affected by the drying for main saturation degrees below 0.75. The 
three concretes studied show rather similar behaviour. However, Fig. 5 shows that 
the larger is the concrete porosity the higher gradients are generated. Nevertheless, 
it must be taken into account that the different height of the tested specimens, see 
Section 2, can lead to steeper variations of s for H1, as compared to H2 and H3 
concretes, in Fig. 5.  The most important differences between the tested concretes 
are observed for the main SD values of 0.60 and 0.45.  
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Fig. 6 shows an example of the results of applying the model to calculate the 
evolution with time of the local saturation degree profile for H1 concrete, during 
the moisture redistribution phase with a 0.60 main SD value. It can be seen that 
water is redistributed, increasing rapidly the local saturation degree near the 
surface and lowering it at the center of the specimen. For long times a 
homogeneous profile is reached, with local saturation degree values equal to the 
main saturation degree throughout the whole specimen. To quantify the 
homogeneity of the profiles we calculate the difference between the maximum 
value (center of the specimen) and the minimum value (surface) of s, as a function 
of the redistribution time, using Equation (12): 
( ) ( / 2, ) (0, )s t s h t s t    (12) 
A homogeneous distribution is obtained when Δs = 0, however this will happen 
for long periods. For practical purposes the redistribution time may be considered 
adequate if s is below an arbitrary threshold value. Table 5 (fifth to seventh 
columns) shows the calculated values of Δs for the applied redistribution times 
(second to fourth columns of Table 5), indicating acceptable homogeneities of the 
moisture profiles for the selected redistribution times, if we accept as correct the 
model calculations. It must be recalled that the criterion for setting the 
redistribution times was based on previous recommendations (Parrott 1994), and 
that it was intended to represent a compromise between the homogeneity of the 
resulting profile and the time required for conditioning the specimens. H2 
concrete shows a greater homogeneity, i.e. lower values of Δs, while H1 has the 
least homogeneous water distributions, with H3 concrete showing intermediate 
values. These differences are due to two factors: transport of water is more 
difficult the lower is the porosity of concrete (H2 profiles more homogeneous than 
H3 ones); and an increased thickness of the specimen also makes more difficult 
the full redistribution (H2 more homogeneous than H1).  The heterogeneity of the 
profiles is maximal for a 0.60 saturation degree and decreases rapidly when SD 
decreases. It is necessary to stress that the moisture profiles presented in this work 
are only model calculations, without checking against experimental 
measurements, which will be the object of future research. 
The transport model also offers the possibility to calculate redistribution times for 
ensuring that the calculated  Δs remains lower than an arbitrarily chosen value. 
The eighth to tenth columns of Table 5 show the calculated redistribution times 
15 
for the concrete specimens studied in this work, with the condition that Δs ≤ 0.01 
(1%).  
On the basis of the calculated redistribution times (last columns of Table 5), and 
for the cases where the model calculations are not feasible, a different criterion for 
choosing the redistribution times (see Section 3.3), for concrete types and 
specimen dimensions similar to those of this work, can be formulated: the 
redistribution times must be set as equal to the duration of the drying period plus 
one day, with an absolute minimum value of 7 days.    
5.3 Maintenance of the hygric states of concrete after conditioning  
The strategy chosen in this protocol to maintain the well characterized and 
homogeneously distributed water saturation states of concrete after conditioning, 
was to keep the specimens into appropriate controlled RH containers, whose 
values were based on those measured at the end of the redistribution steps, see 
Sections 3.4 and 5.1 and Table 6 (third column). Nevertheless, further gravimetric 
checking of the SD values of each specimen was maintained during periods 
ranging from one to nine months after putting the specimens into their controlled 
RH containers and further diffusion tests (Antón 2009). Some small deviations of 
the target SD values were observed only during the first two weeks, all of them by 
drying. If necessary, the RH of the environment was again modified, by changing 
slightly the concentration of the glycerin-water mixtures, until observing 
constancy of the target SD values. The final recorded RH values are found in the 
fourth column of Table 6. 
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6. Conclusion 
On the basis of the results of this work, it may be stated that the proposed 
conditioning procedure allows to install into the concrete specimens any selected 
value of the water saturation degree with homogeneous distribution. The protocol 
has the following steps: obtaining basic drying data at 50ºC (water absorption 
capacity and drying curves); unidirectional drying of the specimens at 50ºC until 
reaching the target SD values; redistribution phase in closed containers at 50ºC 
(with measurement of the quasi-equilibrium RH); storage into controlled RH 
chambers until and during mass transport tests, if necessary. A water transport 
model has been used to derive transport parameters of the tested materials from 
the drying data, i.e. relative permeabilities and apparent water diffusion 
coefficients. The model also allows calculating moisture profiles during 
isothermal drying and redistribution phases, thus allowing optimization of the 
redistribution times for obtaining homogeneous moisture distributions. 
Nevertheless, for the cases where the model calculations are not feasible, simple 
guidance rules can be given about the redistribution times. For concrete types and 
specimen dimensions similar to those of this work, the redistribution times should 
be set as equal to the duration of the drying period plus one day, with an absolute 
minimum value of 7 days. The redistribution times will always be dependent on 
the concrete characteristics and on the specimen dimensions. 
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FIGURE CAPTIONS 
 
Figure 1. Experimental (symbols) and calculated (lines) drying curves. The calculations were 
performed by fitting the experimental data into the transport model. 
 
Figure 2. Determination of the relative humidity inside the water redistribution chambers of three 
samples of concrete H1 with saturation degree of 0.75. 
 
Figure 3. Dependence of the relative permeabilities of the concretes studied on the water saturation 
degree. 
 
Figure 4. Dependence of the apparent water diffusion coefficients of the concretes studied on the 
water saturation degree. 
 
Figure 5. Profiles of the local saturation degree, calculated at the end of the drying step, for the 
main saturation degree (SD) of 0.90, 0.60 and 0.33 (A) and 0.75, 0.45 and 0.18 (B). 
 
Figure 6. Temporal evolution of the local saturation degree profile during the redistribution phase 
of concrete H1 with a target main saturation degree of 0.60. 
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TABLES 
Table 1. Dosages of the concrete mixes.  
 H1 H2 H3 
Cement (Kg/m3) 350 350 450 
Sand (Kg/m3) 630.3 662.8 628 
Gravel 4-6 mm 
(Kg/m3) 
465.5 489.5 523 
Gravel 6-12 mm 
(Kg/m3) 
679 714 637 
w/c 0.60 0.50 0.38 
Superplasticizer (% 
ref. to cem. mass) 
0.4 
 
1.4 
 
1.5 
 
 
 
Table 2. Properties of the tested concretes. 
 Concrete H1 H2 H3 
Abrams’ slump cone (cm) 15 17.5 20 
Average compressive strength (MPa) 31.3 40.3 40.2 
Bulk specific gravity, dry (Kg/m3) 2.18 2.23 2.29 
Volume of permeable pore space (voids) (%) 15.6 12.6 10.5 
 
 
Table 3. Mean values (4 determinations) of the water absorption coefficient of the studied 
concretes. 
 Absorption coefficient A  
 Average Standard deviation 
H1 0.0750 0.0028 
H2 0.0571 0.0024 
H3 0.0554 0.0016 
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Table 4. Approximate drying times at 50 °C for each concrete and target saturation degree. 
 Approximate drying times (days) 
SD  H1 H2 H3 
1.00 0 0 0 
0.90 0.15 0.13 0.19 
0.75 1.0 0.83 1.3 
0.60 2.6 2.3 3.5 
0.45 5.1 4.4 7.0 
0.33 8.1 7.3 11.6 
0.18 15.1 14.8 23.9 
 
 
 
Table 5. Water redistribution phases in closed chambers at 50 ºC. Applied redistribution times and 
calculated data regarding homogeneity of the distributions. 
 Applied 
redistribution 
 times (days) 
Δs  Calculated redistribution 
 times (days) for Δs ≤ 
0.01 
SD  H1 H2 H3 H1 H2 H3 H1 H2 H3 
1.00 0 0 0 - - - 0 0 0 
0.90 3 3 3 0.0455 0.0148 0.0393 5.2 3.4 4.9 
0.75 3 3 3 0.0886 0.0349 0.0856 6.3 4.3 6.3 
0.60 4 4 4 0.0520 0.0198 0.0582 6.7 4.8 7.2 
0.45 6 5 8 0.0166 0.0130 0.0109 6.9 5.4 8.2 
0.33 10 9 14 0.0024 0.0018 0.0018 7.1 6.0 9.3 
0.18 15 14 23 0.0005 0.0007 0.0007 7.4 7.2 11.7 
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Table 6. Relative humidities of controlled environment chambers for each concrete and saturation 
degree, as determined at the end of the redistribution phase with the modifications described in 
Section 3.4, and final values. 
SD Concrete RH (%) 
(end of redistribution phase) 
RH (%) 
(final values) 
0.90 
H1 98 98 
H2 98 98 
H3 98 98 
0.75 
H1 90 90 
H2 85 87 
H3 80 85 
0.60 
H1 80 80 
H2 75 75 
H3 70 70 
0.45 
H1 70 70 
H2 70 70 
H3 62 65 
0.33 
H1 62 65 
H2 62 65 
  
Table 7. Fitting parameters of the experimental drying data into the transport model. 
Concrete 
D0 
(10-8 m2/s) 
m 
 
n 
 
s0 
 
r 
 
H1     1.7594 0.1410 0.5324 1.72·10–4 0.9994 
H2     2.2487 0.1158 0.5348 2.50·10–5 0.9993 
H3     1.7965 0.1079 0.5347 9.92·10–6 0.9996 
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FIGURES 
 
 
Figure 1. Experimental (symbols) and calculated (lines) drying curves. The calculations were 
performed by fitting the experimental data into the transport model. 
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Figure 2. Determination of the relative humidity inside the water redistribution chambers of three 
samples of concrete H1 with saturation degree of 0.75.  
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Figure 3. Dependence of the relative permeabilities of the concretes studied on the water saturation 
degree. 
 
 
Figure 4. Dependence of the apparent water diffusion coefficients of the concretes studied on the 
water saturation degree. 
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Figure 5. Profiles of the local saturation degree, calculated at the end of the drying step, for the 
main saturation degree (SD) of 0.90, 0.60 and 0.33 (A) and 0.75, 0.45 and 0.18 (B). 
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Figure 6. Temporal evolution of the local saturation degree profile during the redistribution phase 
of concrete H1 with a target main saturation degree of 0.60. 
 
 
 
